Pollen and charcoal particles from a Jinchuan peat (northeastern China) were examined to investigate the fire origin and interaction between climate, vegetation, fire and human activity during the Holocene. Pollen results show that: (i) a broadleaved deciduous forest was dominant during the early Holocene; (ii) from ~5500 cal. yr B.P. there was a gradual increase in coniferous trees (mainly Pinus), and a decrease in broadleaved deciduous trees (e.g. Quercus, Juglans, and Ulmus-Zelkova); (iii) after ~4200 cal. yr B.P., the deciduous forest was replaced by a mixed forest of coniferous and deciduous trees; (iv) coniferous trees including Pinus, Abies and Picea further increased after ~2000 cal. yr B.P., reflecting a cooler and drier climate after ~5500-4200 cal. yr B.P. Two layers of abundant microfossil charcoal particles (250-10m) and the coexistence of macrofossil particles (>2 mm) suggest two local fires: fire event 1 (512066 cal. yr B.P.) and fire event 2 (12888 cal. yr B.P., AD 6628). Charcoal layer 1, with a large amount of Monolete psilate spores, is superimposed on the long-term trend of vegetation changes, indicating a natural origin for fire event 1 that was probably facilitated by drying environmental conditions since the mid-Holocene.
Introduction
Fire is recognized as an important agent in ecological systems (e.g. Cochrane et al., 1999; Haberle et al., 2001; Whitlock et al., 2003) . It also affects the global carbon cycle and climate through emissions of CO 2 and other greenhouse gases (Page et al., 2002; Kurtz et al., 2003) . For example, the 1997 Indonesian fire caused by long-term droughts led to the destruction of the rainforest and establishment of pioneer species within the southeastern Asia and the New Guinea region (Haberle et al., 2001) , and the greatest annual increase in atmospheric CO 2 of the past 50 years (Page et al., 2002) . In addition to natural fire triggers such as droughts, human activities can also play an important role in the occurrence of fire. It is important to differentiate the origin of fire for an improved understanding of the interaction between vegetation, climate and human activity in the geological past (Edwards et al., 2007) .
Fire used to play an essential role in the advancement of human civilization. It was used as a source of heat and light, and was also used for cooking and to fend off wild animals. In agriculture, fire was used to clear lands in preparation for planting (de Vries and Marchant, Two charcoal layers are present in the Jinchuan peat bog (Fig. 6E ). Charcoal layer 1 is dated at 512066 cal. yr B.P., and charcoal layer 2 dated at 12888 cal. yr B.P.
Charcoal layer 1 (depth 295-267 cm; 5320-4600 cal. yr B.P.): The relative percentage of each pollen taxon shows little variation Fig. 6C) . A drop of pollen concentrations is observed from 5000 to 4600 cal. yr B.P. (Fig. 5-1C ). It seems that the fire occurred at a time when deciduous trees began to decrease and coniferous trees increased (Fig. 6A ). Fern spores, reflected by Monolete psilate spores, increased substantially ( Fig. 5-2C ).
Charcoal layer 2 (depth 85-77 cm; 1320-1240 cal. yr B.P.) is characterised by a sudden peak of charcoal contents (Fig. 6E ), around the maximum of Pinus values. Despite a drop of pollen concentrations from 1290 to 1250 cal. yr B.P., the relative percentage of each pollen taxon shows little variation (Figs. 5-1B, 5-2B, Fig. 6B ). Another important feature is the increased numbers of the Cerealia-type pollen (Fig. 6D ).
Discussion

Vegetation changes: climate-or human-induced?
The pollen record in the Jinchuan peat bog results from a combination of changes in local and regional factors. During the early Holocene, the local site vegetation was dominated by Cyperaceae. Other vegetation includes aquatic plants, e.g. Menyanthes, Myriophyllum, Potamogeton, Typha-Sparganium, and herbaceous plants, e.g. Artemisia and Poaceae. It is inferred that the site was a shallow lake surrounded by a sedge-fern fen. The regional vegetation on the surrounding hills began with a Quercus and Juglans dominated forest accompanied by Fraxinus, Ulmus-Zelkova, Tilia and Carpinus. PFT reconstruction shows that a broadleaved deciduous forest was dominant at this time ( Fig. 6A , P-1).
From ~5500 to ~1300 cal. yr B.P. (from P-2 to P-4, Fig. 5-1A) , pollen of coniferous trees (mainly Pinus) progressively increased to a maximum for the record, while that of broadleaved deciduous trees (e.g. Quercus, Juglans and Ulmus-Zelkova) decreased to a minimum. The mixed coniferous and deciduous forest replaced the deciduous forest after ~4200 cal. yr B.P. (P-3, Fig. 6A ). Coniferous trees increased after ~2000 cal. yr B.P., as shown by increasing amounts of Pinus, Abies and Picea (P-4, Fig. 5-1A ).
The early to mid-Holocene vegetation pattern from this work is consistent with those of previous studies (Liu, 1989; Yuan and Sun, 1990; Sun et al., 1991; Makohonienko et al., 2001) (Fig. 1B) , suggesting that the vegetation changes were of a regional nature.
Meteorological data from northern China (Domrös and Peng, 1988) indicate that precipitation and temperature are key factors responsible for the spatial differentiation of modern vegetation (Editorial Board for Flora of China, 1995; Hou, 2001) (Fig. 1A) . At present, the temperate mixed coniferous and deciduous forest is the regional vegetation in the studied area, and the broadleaved deciduous forest is located in a warm temperate zone, south of the mixed forest. Therefore, the pollen characteristics suggest a cooler and drier climate after ~5500-4200 cal. yr B.P.
This mid-Holocene drying is well documented in various sediments across China, which is related to the weakening of the East Asian summer monsoon (e.g. Hong et al., 2001; Wang et al., 2005; Li and Sun, 2006; Shao et al., 2006; Tarasov et al., 2006; Jiang and Liu, 2007) . The Hulun Buir Desert (47º49'-49º35'N, 117º16'-119º32'E) is also located in northeastern China. Sand dunes are distributed mainly in the northern and southern parts of the desert. Previous studies indicate that the onset of dune stabilization and soil development occurred at ~11000 cal. yr B.P. This early episode of dune stabilization lasted until ~4400 cal. yr B.P., implying the climate became arid after 4400 cal. yr B.P. (Li and Sun, 2006) . Highresolution oxygen-isotope records of precisely-dated stalagmites from Shanbao Cave and Dongge Cave in the East Asian monsoon region also reveal an abrupt decrease in monsoonal precipitation at 6000-4400 cal. yr BP (Dykoski et al., 2005; Wang et al., 2005; Shao et al., 2006) . These records reinforce our suggestion that vegetation changes during the midHolocene in the studied site were natural and climate-induced.
Our study also shows a decrease in Pinus and an increase in Betula since ~1200 cal. yr B.P. (Fig. 5-1A , P-4), while other arboreal pollen taxa have little variations. This selective vegetation change suggests that human activity was possibly instrumental in pine removal.
Reasons for pine decrease in the Changbai Mountainous area include its preferred use as construction timber, and extensive collection of pine nuts by breaking down all the branches, etc. Betula is considered as the pioneer species in the studied area, because it colonizes the land rapidly after slash and burn activity (Zhang, 1983 ; Editorial Board for flora of China, 1995).
Fire events: natural or human-induced?
Two fire events, as inferred from the two charcoal peaks, occurred at 512066 cal. yr B.P. (fire event 1) and 12888 cal. yr B.P. (fire event 2). Charcoal concentrations are higher than the background by 3 times for charcoal layer 1, and 110 times for charcoal layer 2 (Fig.   6E ). A higher proportion of the larger particles (>2 mm) was also found in these two charcoal layers and selected for 14 C dating (Table 2 ). According to Lynch et al. (2004) , large particles (>1 mm) are characteristic of nearby fires, and charcoal accumulation declines rapidly with distance from the burn edge. Therefore, the occurrence of many large charcoal 13 particles and an increase in charcoal accumulation in our case suggest that the two fire events are of local origin (Whitlock and Larsen, 2001; Lynch et al. 2004 ).
High-resolution pollen analyses within the two charcoal layers show different pollen patterns. Emergence of large amounts of Monolete psilate spores is the main feature of charcoal layer 1 (Fig. 5-2C ), while in charcoal layer 2, the Cerealia-type pollen, produced by cultivated crops, is present (Fig. 6D ). These differences suggest that the two fire events were probably related to different causes.
Fire event 1: the spread of fernland and climate changes
Fire event 1 occurred at a time when deciduous trees began to decrease, and coniferous trees began to increase ( Charcoal layer 1 has a thickness of 28 cm (depth 295-267 cm). Interpolation using six 14 C dates yields a time interval between 5300 and 4600 yr B.P. (Fig. 6E) . A large amount of Monolete psilate spores occurred in charcoal layer 1 (Fig. 5 -2A, C), reflecting a period of fernland spread. It is similar to the pollen and charcoal records from Lake Teletskoye, the northern Altai Mountain region, which show synchronous increases in spore and charcoal particles between ca. AD 1100 and 1200 (Andreev et al., 2007) . The spread of fernland may be related to the burning of peatlands and their environs. The death of large-scale canopy trees led to clearings that favoured the growth of ferns. After the burning phase, the land was 14 progressively re-occupied by trees, and ferns decreased because they could not adapt to a dense forest cover. These features suggest that fire event 1 could have a natural origin.
A more specific explanation for this wildfire may be related to mid-Holocene climate changes. Page et al. (2002) suggested that it was the unusually long dry season that caused the 1997 Indonesian fires to spread out of control. Again, the fires between ca. AD 1100 and 1200 recorded in Lake Teletskoye were related to arid climate conditions (Andreev et al., 2007) . Pollen assemblages of this study and other records indicate a progressive change from a wet and warm climate in the early Holocene to a drier and colder climate in the midHolocene (Liu, 1989; Yuan and Sun, 1990; Sun et al., 1991; Makohonienko et al., 2001; Wang et al., 2005; Li and Sun, 2006; Shao et al., 2006; Jiang and Liu, 2007) . Therefore a shift toward a drier climate during the mid-Holocene could trigger the burning of peatlands and their surroundings.
Fire event 2: hypothesis of territorial expansion of Tang Dynasty and accompanying spread of farming culture
The charcoal concentrations within charcoal layer 2 are much higher than those of charcoal layer 1 (Fig. 6E ), implying that fire event 2 (~1300 cal. yr B.P.) was possibly of greater intensity than the previous wildfire (~5200 cal. yr B.P.). The significant presence of Cerealia-type pollen in charcoal layer 2 indicates land clearance for agriculture at ~1300 cal.
yr B.P. (Fig. 6D) . The local cultivation could prevent the spread of fernland, because in contrast to charcoal layer 1, Monolete psilate spores in charcoal layer 2 are only present in a very low percentage (less than 2 %) ( Fig. 5-2B ). The decrease in pine is interpreted to be the result of human slash-and-burn activity for building materials and firewood.
The timing of the presence of Cerealia-type pollen in charcoal layer 2 agrees well with the territorial expansion of the Tang Dynasty (Ouyang and Song, 1060; Tan, 1991) (Fig. 7) .
Historical documents have shown that prior to the Tang Dynasty, there were mainly nomadic tribes in the studied area (Ouyang and Song, 1060; Li, 2003) . These nomadic people had no fixed dwellings, and moved from place to place in search of food, water, and grazing land.
Although the nomadic people possibly used fire to encourage the growth of grass for their animals, their impact on the local ecosystem was generally less than that of settled farming communities.
The Han nationality/ethnic group is the largest in China. It is characterized by fixed settlement and the cultivation of crops such as rice, sorghum and millet. Archaeological investigation has shown that farming in the valley of the Yellow River began at least by 7000
cal. years ago (Zhu, 2001; Kong et al., 2003) . The Tang dynasty emerged in AD 618. Its capital, Changan (current name: Xian, Fig. 7 ) was located in the valley of the Yellow River.
The Tang dynasty (AD 618 to 907) has been described as a high point in Chinese civilization, a golden age of literature and art. It was also one of the most prosperous empires in the medieval world. In AD 668, the Tang land expanded to northeastern Asia, reaching the studied area (Fig. 7A) . During the period AD 682-755, the Tang Dynasty extended further north (Fig. 7B) . The northeastern part was named as Andong Duhufu and was of provincial level administration (Tan, 1991) . The good agreement between the 14 C age of fire event 2
(AD 6628) and the land expansion of the Tang Dynasty in AD 668 suggests that fire event 2 may be closely related to the spread of the Han farming culture, as the expansion was one of the important ways in which ancient imperial culture spread (Bentley, 1996) . However, this interpretation must remain tentative until more evidence is available.
Conclusions
Records of pollen and charcoal in the Jinchuan peat bog, northeastern China, reflect vegetation changes, fire events, and the impact of climatic changes and human activity on the natural ecosystem. The pollen record shows that: (i) a broadleaved deciduous forest was dominant during the early Holocene; (ii) a gradual increase in coniferous trees and a decrease in deciduous trees started around 5500 cal. yr B.P., (iii) after ~4200 cal. yr B.P., the mixed coniferous and deciduous forest replaced the deciduous forest, and (iv) coniferous components, including Pinus, Abies and Picea, further increased after ~2000 cal. yr B.P., reflecting a cooler and drier climate after ~5500-4200 cal. yr B.P.
Two local fire events were identified in the Jinchuan peat bog. The high-resolution pollen records of the two charcoal layers show different causes for the two fire events. Fire event 1 was probably natural in origin, facilitated by drying since the mid-Holocene. We suggest that the presence of Cerealia-type pollen and the low Monolete psilate spores percentage in charcoal layer 2 was related to clearing for cultivation, which may be closely related to the spread of the Han farming culture accompanied by the terrestrial expansion of the Tang Dynasty to the studied area in AD 668. 
